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ABSTRACT

Total knee replacement (TKR) is generally considered a successful treatment for
musculoskeletal disorders of the knee. However, as many as 20% of patients report some
dissatisfaction in their physical function after TKR. And approximately 50% of early
revisions needed to address conditions related to component alignment and soft tissue
tension to stabilize the knee. During TKR, surgeons manually perform passive range of
motion (ROM) assessments to gain feedback perceived as tension in ligaments and other
soft tissues. Such assessments are highly subjective and rely on the surgeon's perception
of soft tissue tension rather than quantitative objective means. The variability in applied
loads during passive ROM assessments is poorly understood.
The broad objective of this thesis was to analyze variations in surgeon-applied
loads during passive ROM assessments following TKR on individual cadaver knees.
There were three specific aims: 1) experimentally measure surgeon-applied loads during
passive ROM of cadaver limbs implanted with TKR; 2) statistically analyze intraspecimen and inter-specimen repeatability in surgeon-applied loading profiles; and 3)
process surgeon-applied external loads for input into computational models used to
calculate knee ligament tensions.
Three cadaveric lower limbs were implanted with TKR and mounted into a
custom-designed knee rig instrumented to simulate and measure applied loads and
kinematics during passive ROM assessments performed by an experienced orthopaedic
surgeon. It was hypothesized that intra-specimen cycles would not be a significant factor
affecting the applied loading profiles. It was hypothesized that inter-specimen differences
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would be a significant factor affecting applied loading profiles. The 4 degrees of freedom
tracked (varus-valgus, anterior-posterior, compressive load, and internal-external
rotation), external loads applied by the surgeon were highly consistent within the five
cycles per trial and the 95% confidence interval varied within 0.5Nm for applied
moments and within 5N for applied compressive forces. It was concluded that intraspecimen cycles were not a factor affecting the load profiles and inter-specimen
differences were a significant factor affecting applied loading profiles. Variations in
external loads during intra-operative assessments of component alignment and soft tissue
tension can impact clinical decisions and outcomes. In a biomechanical sense, new
technologies and sensors meant to aid intra-operative decisions need to accommodate
variability in assumed load magnitudes during passive ROM assessments.
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CHAPTER ONE
INTRODUCTION
Total Knee Replacement and Joint Instability
Total knee replacement (TKR) is a common surgical procedure used to correct
joint deformity and treat degenerative osteoarthritis and other musculoskeletal disorders
of the knee. It is increasingly common in the United States, with an incidence that has
more than doubled since the mid-1990’s [Kurtz 2014] and broad global surveys estimate
annually 175 TKR procedures for every 100,000 people [Kurtz 2011, Athwal 2014].
Condylar TKR designs in their current recognizable state were introduced in the 1970s: a
metal femoral prosthesis; a metal tibial tray with a proximal polyethylene articulating
surface; and occasionally a polyethylene patellar component [Robinson 2005]. There are
a wide variety of TKR designs available that vary in degrees of constraint, bone loss, and
soft tissue resection [Athwal 2014, Morgan 2005]. For the context of this study, a
primary cruciate retaining TKR design is one that is used in the initial knee arthroplasty
procedure and requires resection of the anterior cruciate ligament (ACL) but retains the
posterior cruciate ligament (PCL). Additionally, there are variations that include mobilebearing designs where the polyethylene insert can rotate and slide freely on the tibial tray
which allows for more anterior/posterior freedom [Athwal 2014].
While TKR is generally considered a successful treatment, with >90% of TKR
patients reporting satisfaction with their result, up to nunez report some dissatisfaction in
their functional outcomes after TKR [Dunbar 2001, Lützner 2012, Nilsdotter 2009,
Nunez 2009]. Different reasons have been cited for poor outcomes, including failure to
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restore proper limb alignment, malalignment of the TKR components, altered knee
kinematics that affect overall joint stability and patella-femoral tracking, inadequate soft
tissue balancing, and patient related factors [Lützner 2012, Yercan Parts 1-2 2005, AJRR
2020]. Approximately 50% of early revisions are needed to address conditions related to
component malalignment and soft tissue tension (e.g., knee instability, arthrofibrosis)
[Fehring 2001, Thompson 2011]. These conditions are considered preventable at the time
of surgery because successful TKR requires surgeons to properly resect the bone articular
surfaces for optimal component alignment and to properly restore appropriate tension to
ligaments and soft tissues to stabilize the knee [Schroer 2013]. This characterization of
handling soft tissues and ligaments to assure adequate tension for knee stability is
clinically named ligament balance [Babazadeh 2009]. Ligament balance is particularly
challenging because soft tissue behavior is altered by joint pathology compared to healthy
knees and by the varied constraint provided by different TKR designs [Yercan Parts 1-2
2005].
Ligaments Stabilize the Knee
The complex network of ligaments and soft tissue surrounding the knee and
within the capsular structure can be classified into primary or secondary stabilizers. A
primary stabilizer provides the main passive restraint to motion in a specific degree of
freedom (DOF) [Noyes 1980]. Secondary stabilizers resist motion in a specific DOF to a
lesser extent than a primary stabilizer. Some secondary stabilizers are more significant
and bear more load than others, depending on the motion axis. A secondary stabilizer can
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also become a primary stabilizer, if a primary stabilizer is functionally deficient, or has
been surgically resected or injured [Athwal 2014].
In the case of knee pathology and soft tissues relevant to TKR, it is important to
maintain anterior-posterior stability, medial-lateral stability, and rotational stability after
TKR (Table 1.1 and Figure 1.1). For instance, the ACL is a primary restraint to anterior
translation of the tibia relative to the femur and provides sufficient tension to resist
approximately 86% of the total force against this motion [Butler 1980]. The ACL is
surgically resected during TKR and therefore, the secondary stabilizer to this motion is
the medial collateral ligament (MCL) aided by the iliotibial band (ITB) [Butler 1980,
Athwal 2014].
As another example, the lateral collateral ligament (LCL) is the primary restraint
to tibial adduction and varus rotational moments at the knee, aided by the posterolateral
structures (PLS) and ACL as secondary stabilizers. The LCL provides 69% of the total
restraint to varus motion at 25° flexion [Grood 1981], and combined, those primary and
secondary structures resist lateral opening of the knee [Athwal 2014, Grood 1981].
Osteoarthritis in the lateral compartment of the knee is an underlying condition
contributing to valgus limb alignment, contracture of the LCL and posterior-lateral
structures, and attenuation of the MCL, which can make restoration of limb alignment
difficult during TKR [Morgan 2005].
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DOF of Motion

Primary Stabilizer(s)

Significant Secondary

(Reported % of Total

Stabilizer(s)

Resisting Tension)
-

Anterior

-

Anterior Cruciate

Translation

Ligament (ACL)

Ligament (MCL)
-

[86%]
-

Posterior
Translation

Medial Collateral

Iliotibial Band (ITB)

Posterior Cruciate

-

Popliteus Tendon (Pop T)

Ligament (PCL)

-

Popliteofibular Ligament

[95%]
-

Varus Rotation

(PFL)

Lateral Collateral

-

Posterolateral Structures

Ligament (LCL)

(PLS)
-

[69%]
-

Valgus Rotation

Superficial Medial
Collateral Ligament
(sMCL)

-

ACL

Deep Medial Collateral
Ligament (dMCL)
-

PCL

-

ACL

-

PCL

[not reported]
Internal Rotation

-

sMCL (not reported)
-

Posteromedial
Capsule (PMC)
[not reported]

External

-

PLS

Rotation

-

LCL

[not reported]
Table 1.1: Primary and secondary stabilizers resisting specific DOF of motion for
healthy knees [Robinson 2006, Grood 1981, Athwal 2014].
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Figure 1.1: Ligamentous Restraints to Varus Rotation in the A) lateral, B) anterior, and
C) medial views. Structures highlighted in red are primary stabilizers. Structures in
yellow are significant secondary stabilizers [Athwal 2014].
During TKR, surgeons manually perform passive range of motion (ROM)
assessments to gain feedback perceived as tension in ligaments and other soft tissues.
Such assessments are highly subjective and rely on the surgeon's perception of soft tissue
tension rather than by quantitative objective means. The variability in applied loads
during passive ROM assessments is poorly understood.
During TKR, surgeons manually assess tension in ligaments and other soft tissues
using various intraoperative instruments and maneuvers. For example, surgeons perform
passive (non-weight bearing) range of motion (ROM) assessments the surgeon holds the
ankle of the implanted limb in one hand and positions the other hand at the distal femur
while maneuvering the limb through various motions, including knee extension/flexion;
varus/valgus; and internal/external rotation. These maneuvers provide the surgeons with
manual feedback perceived as tension in ligaments and other soft tissues and inform their
surgical decisions about implant alignment, implant selection, and the potential need for
further ligament balancing procedures [Schroer 2013, Yercan Parts 1-2 2005]. Evaluation

5

of ligament tension is judged on the surgeon's perception of soft tissue tension, not by
quantitative objective means [Sharma 1999, Sasanuma 2010, Smith 2016]. Manual
assessments generally have poor inter-rater reliability and the variability in applied loads
during passive ROM assessments is poorly understood. Mears et al. [2022] reported
inconsistencies between four joint replacement surgeons during clinical examination of
prosthetic knee laxity, noting specific challenges with anterior-posterior and varus-valgus
knee laxity. The variability in applied loads during passive ROM assessments is poorly
understood. It is possible that variations in the assessment technique, such as speed or
how the surgeon controls the knee through applied external forces, affects the perception
of soft tissue tension within the knee joint and contributes to a lack of specificity in
interpretation of results [Gustke 2014, Mears 2022] This subjectivity, combined with the
lack of direct measures of ligament tension, makes clinical assessments of knee laxity
challenging to interprets.
Intraoperative Assessments of Ligament Balance
Intraoperative instruments and techniques have been developed to aid the surgeon
with ligament balancing procedures. Popular techniques currently practiced include
conventional surgical techniques like “measured resection” and “balanced resection”
[Babazadeh et al. 2009], combined with the use of joint distraction instruments
[Yagashita 2003, Zalzal 2004], patient-specific cutting guides [Hafez 2019] and roboticassisted procedures [Saber 2022, Urish 2016] and force-sensing and pressure-sensing
instruments inserted into the joint line during TKR [Crottet 2005, MacDessi 2019]. As
will be described, these instruments and intraoperative techniques help surgeons achieve
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a stable TKR but provide only indirect measures of ligament tension and soft tissue
balance and fail to capture the variability in loads applied by the surgeon during passive
ROM assessments.
The “measured resection” technique involves performing the bone cuts and
trialing the prosthesis before ligament balancing is conducted. The basic principle is to
resect a measured amount of bone from both the distal femur and proximal tibia that is
equal to the thickness of the selected TKR components [Hodge 2007] Femoral and tibial
preparations usually are performed independently using measured resection. This
technique relies on anatomical landmarks to determine the bone resection plane and
placement of the trial components, followed by manual assessments in flexion and
extension, with ligament balancing procedures as needed to correct gap asymmetry and
ligament tightness [Babazadeh 2009]. Recently introduced patient-specific cutting guides
are an example of new technology that uses anatomic landmarks to aid bone resection,
[Hafez 2019] but that approach has not proven to significantly improve TKR alignment
when compared with conventional techniques in randomized trials [Boonen 2013, Victor
2014, Parratte 2013, Sassoon 2015]. Robotic-assisted TKR surgery also aids component
and limb alignment by decreasing variation and increasing precision in bone cuts, which
enhances the surgeon’s ability to optimize soft tissue balancing [Saber 2022, Urish 2016].
The “balanced resection” technique differs in that the tibial bone cut is made first,
followed by symmetrical tension applied to distract the joint line using a ligament tensor,
knee balancer, or laminar spreaders with the knee in extension and then 90° flexion. This
symmetrical tensioning demonstrates any varus/valgus deformity in extension, which can
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be corrected using ligament balancing procedures, and informs proper femoral
component rotation in flexion. Femoral component alignment is set by tension on the
balanced ligaments and not by the anatomical landmarks [Babazadeh 2009]. There is a
clinical debate whether the balanced resection technique has a clinical impact. Yagashita
et al [2003] and Zalzal et al. [2004] claim that controlled joint distraction using purposely
designed instruments aids the assessment of ligament tension and soft tissue balancing,
but others report no consistently significant differences in postoperative balance
compared to traditional methods [Babazadeh 2009].
Force-sensing and pressure-sensing instruments have been introduced to provide a
measure of compression/distraction loads occurring at the tibio-femoral articulation
during intraoperative assessments of TKR stability. Crottet, et al. [2005] describe an
instrument consisting of two condylar plates and a tibial base plate with spacing that
adapts to the patient-specific tibiofemoral gap. Each instrumented plate is equipped with
three deformable bridges and thick film piezoresistive sensors, which allow accurate
measurements of the amplitude and location of the tibiofemoral contact forces within
40N to 70N. These new force-sensing and pressure-sensing instruments have potential to
provide useful quantitative feedback to surgeons performing passive ROM assessments
and ligament balancing procedures during TKR [Gustke 2014, MacDessi 2019].
Although not widely used clinically, some studies report that surgeons experience more
challenges identifying ligament imbalance at higher flexion angles during TKR
[MacDessi 2019] and that surgeon’s perception of balance is not confirmed in
approximately 13% of cases [Gustke 2014]. Moreover, these sensor instruments only
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measure loads occurring at the articular surface, not the loads applied by the surgeon’s
hands or the resulting tension in the ligaments and soft tissues.
Previous Quantification of Knee Ligament Tension
Several biomechanical rigs have been developed to objectively quantify knee
ligament laxity under controlled loads and external moments applied across the knee joint
[Sasanuma 2010, Sharma 1999, van Der Esch 2005, Clarke 2012]. However, these rigs
are not suited for intraoperative use during TKR, and they do not measure ligament
tensions from the loading applied by a surgeon [Sasanuma 2010, Sharma 1999, van Der
Esch 2005, Clarke 2012]. Rather, the approaches aim to quantifying knee laxity by
measuring angular deviations at the knee under controlled loading conditions. For
example, Sharma et al. [1999, 2003] and van Der Esch et al. [2005] position subjects in a
chair with the knee at 20° flexion and apply a 40N (12Nm) force at the ankle (Figure 1.4)
to generate and varus or valgus rotation at the knee while measuring angular deviations in
the frontal plane. Similar to passive ROM performed during surgery, this approach
applies a force at the ankle, but it cannot be adapted for a surgical workflow to provide
real-time feedback about joint laxity during TKR. Similarly, Sasanuma et al. [2010] used
a biomechanical rig to support the knee at 15° flexion while applying a 68.6 N (7 kg)
external force at the joint line to induce a varus/valgus moment at the knee. Coronal
laxity was measured as the angular deviation of the tibial and femoral articular surfaces
after TKR under valgus and varus stress (Figure 1.2), but these measures were not related
to the loads applied by a surgeon during intraoperative assessments of ligament laxity.
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Figure 1.2: A varus and valgus rotation of the knee and location of the 40N (12Nm)
applied force [Sharma 1999].

Figure 1.3: Experimental set-up for the assessment of laxity and (*) is the position of the
digital meter measuring angle deviations [van Der Esch 2005].
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Figure 1.4: Measurement of immediate postoperative coronal laxity in the A) valgus
angle and B) varus angle. The arrows indicate the location of the force applied
[Sasanuma 2010].

Finally, Clarke et al. [2012] aimed to quantify and standardize the routine clinical
examination of coronal knee laxity during passive ROM assessments. The forces applied
by different evaluators were measured using hand-held sensors while non-invasive
infrared tracking technology enabled kinematic registration of joint centers for
mechanical tibiofemoral alignment and calculating the resultant moment (Figure 1.5-1.6).
The customized hand-held force application device included two six DOF force and
torque sensors positioned orthogonally on an external right-handed shell made from a
3mm aluminum L-shaped bracket with and inner contact surface of 5mm polyurethane
foam. Two clinicians performed 10 repeated knee laxity examinations on two healthy
subjects guided solely by their perception of laxity in the knee joint and then three
clinicians performed six knee laxity examinations on a single volunteer guided by visual
feedback and instructions to apply 18Nm varus/valgus moments. Repeatability was
within 2-4Nm for the 10 cycles guided solely by manual perception and within 1-2 Nm
for the 6 cycles guided by visual feedback and targeted magnitude (Table 1.2-1.3). This
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method minimized user variability and supported more controlled application and
measurement of externally applied loads in vivo but does not report applied loads for
passive ROM assessments during TKR surgery.

Clinician 1

Clinician 2

Clinician 3

Mean Moment [range]

Visual Feedback

(Nm)

(Nm)

(n=10 cycles)

(n=6 cycles)

Subject 1

Subject 2

Subject 1

Varus

20 (18-23)

30 (27-33)

19 (18.8-19.9)

Valgus

15 (12-17)

19 (15-23)

19 (18.3-20.1)

Varus

27 (24-32)

33 (29-36)

20 (18.0-21.5)

Valgus

16 (13-21)

20 (17-24)

20 (19.1-20.3)

Varus

N/A

N/A

19 (18.4-19.1)

Valgus

N/A

N/A

19 (18.3-19.1)

Table 1.2: Mean and range of applied moments (Nm) for repeated cycles on healthy
subjects (adapted from Clarke 2012)

Figure 1.5: Attachment of non-invasive IR trackers to subject lower limb for passive
ROM assessments [Clarke 2012].
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Figure 1.6: Hand-held force application device with the Fz of both sensors described by
arrows [Clarke 2012].

Computational Modeling as An Approach to Measuring Ligament Tension
Due to the challenges of directly measuring ligament tensions in vivo in patients
and in vitro in cadavers, computational modeling is a common approach to predict
ligament tensions from experimentally measured joint kinematics or applied loads. Using
that approach, experimental measures of joint kinematics under controlled loading
conditions provide inputs for the model’s algorithms to calculate tensions in 10 ligament
and soft tissue structures surrounding the knee joint [Harris 2016]. Validated models of
natural knees and knees implanted with TKR have been used to explore various factors,
including variables related to surgical technique and TKR design [Harris 2016, Snethen
2018, Fitzpatrick 2014].
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The influence of TKR component alignment and ligament balance on the
mechanical environment of the knee is poorly understood due to a lack in intraoperative
quantitative measures. Computational studies have used in vivo knee kinematics as
motion inputs to demonstrate that TKR component alignment affects ligament tensions
during various knee flexion activities [Snethen 2018, Fitzpatrick 2014]. However, this
relationship has not been quantified during intraoperative passive ROM, and the DOF
related to loads applied by surgeons during passive ROM were estimated in a previous
study [Snethen 2018]. Additionally, previous models have assumed that surgeons
consistently apply the same loading conditions for repeated cycles on the same knee and
different knees having diverse pathological conditions (e.g. medial or lateral osteoarthritis
with varying degrees of limb malalignment). A validated force-driven computational
knee model has been developed for simulating passive ROM after TKR and quantifying
the relationship between intraoperative ligament tensions and TKR component alignment
[Snethen 2018]. But such models requires measures of the externally applied loads by
surgeons during intraoperative passive ROM assessments to better estimate the ligament
tensions during TKR.
Broad Objective and Specific Aims
The broad objective of this thesis was to analyze variations in surgeon-applied
loads during passive ROM assessments following TKR on individual cadaver knees.
There were three specific aims: 1) experimentally measure surgeon-applied loads during
passive ROM of cadaver limbs implanted with TKR; 2) statistically analyze intraspecimen and inter-specimen repeatability in surgeon-applied loading profiles; and 3)
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process surgeon-applied external loads for input into computational models used to
calculate knee ligament tensions. It was hypothesized that intra-specimen cycles would
not be a significant factor affecting the applied loading profiles. It was hypothesized that
inter-specimen differences would be a significant factor affecting applied loading
profiles.
Experimental Design
This study included an experimental phase involving an orthopaedic surgeon
manually manipulating cadaver knees through passive flexion/extension motions after
TKR. The surgeon-applied loading profiles (external loads and moments) and knee
kinematics were measured on three individual cadaver knees using an instrumented
biomechanical knee rig. These measurements were processed for input into
computational models used to calculate knee ligament tensions.
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CHAPTER TWO
MATERIALS AND METHODS
Cadaver Limbs and TKR
Different sized components of a cemented mobile-bearing cruciate-retaining TKR
(ScorpioTM PCS, Stryker Orthopaedics, Mahwah, NJ) were reversed engineered using 3D
laser scans to acquire virtual models of the tibial baseplates, femoral components, and
tibial inserts and then fabricated in a rigid polymer matrix material (Objet350, Statasys)
for use in the experimental simulator (Figure 2.1). Reversed engineered TKR components
printed in rigid polymers have proven suitable for low-load simulation in cadaver limbs
[Schroder 2015]. Rigid polymer components were used to facilitate low-cost availability
of different sizes and to enable attachment of permanent fiducial markers (2 mm steel ball
bearings) embedded onto the TKR components in predefined locations. These fiducial
markers were used to establish local reference frames for kinematic analysis of the TKR,
as needed for a separate study, and for component visualization in subsequent computed
tomography (CT) imaging (Figure 2.1).
Three left cadaveric lower limbs were acquired from a tissue bank. Each limb was
CT imaged to confirm the presence or absence of any gross deformities and to measure
limb length (femur length and tibia length) (Table 2.1). The limb lengths also were
physically confirmed before testing. An experienced orthopaedic surgeon implanted each
knee with the appropriately sized reverse engineered TKR components. The patella was
not resurfaced. A neutral baseline alignment was defined as the preferred component
alignment based on previous clinical studies with this TKR design [Lützner 2008].
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Specifically, femoral component alignment targeted 90° to the mechanical axis in the
frontal and sagittal planes. Tibial component alignment targeted 90° to the mechanical
axis in the frontal plane, 5° of posterior slope in the sagittal plane. The femoral
transepicondylar axis and the medial third of the tibial tuberosity were targeted for
rotational alignment of the femoral and tibial components, respectively. This TKR design
and measured resection surgical approach were used so that these experimental results
were compatible with previous in vivo clinical biomechanics and computational studies
[Harman 2012, Lützner 2012, Snethen 2018].
OrthoWatch
Accession
Number
K4113_18L

Cadaver
Identification
Number
RLU1229171A

Sex
(Male or
Female)
Female

Age

Height
(in)

Weight
(lb)

Lengths (mm)

94

N/A

N/A

Femur – 425
Tibia - 370

K4114_18L

RLU0511189A

Male

60

73

200

Femur – 430
Tibia - 430

K4115_18L

RLU0511189A

Male

58

68

280

Femur – 400
Tibia - 390

Table 2.1: Cadaver specimen characteristics with total femoral and tibial lengths
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Figure 2.1: Implanted cadaver knee specimen dissected down to the MCL, LCL, and
PCL. The specimen was implanted with a custom 3D printed TKR components embedded
with metallic fiducial markers (arrows).
Instrumented Biomechanical Knee Rig
An instrumented biomechanical knee rig was previously designed for
experimental simulation of cadaver knees during manual manipulation of passive
flexion/extension motions and other maneuvers used for assessing knee stability [Snethen
2018]. The knee rig was constructed of a horizontal rail with mechanical linkages at the
proximal femur bone representing the “hip joint” and at the distal tibia bone representing

18

the “ankle joint”. The mechanical hip joint exhibited one rotational degree of freedom
(DOF) in flexion extension rotation. The ankle joint exhibited three DOFs (internalexternal rotation, anterior-posterior translation, and medial-lateral translation) when
linked to the knee rig and easily disengaged from the knee rig to free float when handled
by the surgeon (Figure 2.2). This setup is similar to the clinical configuration, allowing
the femur to be held in place while manipulations occurred at the tibia and by retaining
all six DOFs of the knee joint (Figure 2.3).

Figure 2.2: A biomechanical rig with a cadaver knee. Joint motion was captured using
the passive marker array fixed to the femur and tibia bones and a six DOF load cell
attached to the distal tibia at the simulated ankle joint. Components include A) simulated
ankle and six DOF load cell, B) threaded rod simulating tibia, C) reflective markers for
motion tracking, D) cadaver knee, E) threaded rod simulating femur, F) linear spring
simulating quadricep tendon, and G) simulated hip joint.
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Figure 2.3: The lateral side of the biomechanical knee rig assembled in the passive ROM
test configuration with coordinate axes. All arrows at the load cell signify the positive
direction (i.e., +Fx, +Fy, +Fz, +Mz). The arrow for the varus-valgus rotation is in valgus
(+) rotation and the flexion-extension rotation arrow signifies extension (+) rotation. The
arrow for Mz is signifying the moment that causes an external (+) rotation of the tibia.
The colors coordinate which forces at the simulated ankle generate specific moments at
the knee. The yellow Fy generates the yellow moment that causes the flexion-extension
rotation at the knee. The orange Fx arrow generates the orange varus-valgus rotation at
the knee.
The tibia and femur of individual cadaver limbs were amputated at the middiaphysis and stainless-steel threaded rods were cemented into the intramedullary canal
of each bone. These rods were cut to length to effectively restore the limb length from the
articular surface of the ankle to the center of the femoral head. Fiducial marker arrays
were rigidly fixed onto the mid-diaphysis of the tibia and femur. Individual cadaver limbs
were mounted to the knee rig using the threaded rods. A 1000lbf (4448N) load sensor
(MC3A-1000, AMTI) (Figure 2.4) was mounted to the distal tibial rod to monitor applied
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loads at the simulated ankle joint. The quadriceps tendon was firmly secured to the knee
rig via a custom designed clamp and linear spring (stiffness of 1.2 N/mm) that acted
parallel to the physiological line of action to mimic the passive resistance of the extensor
mechanism and ensure the patella remains in contact with the femur during knee flexion
[Anglin 2008].

Figure 2.4: AMTI Load Cell Coordinate Axes
Coordinate System for Loads and Kinematics
The coordinate axis for loads and kinematics was defined before testing at the
load cell and skeletal axes (Figures 2.3 and 2.4). The load cell axes were defined by the
manufacturer and the forces and moments at the simulated ankle produce translational
and angular movement at the knee for the various DOF. (Figure 2.3) (Table 2.2).
In terms of varus-valgus rotation (rotation about the y-axis), a force that is
pushing the lateral side of the simulated ankle in the medial direction, will read a negative
(-Fx) on the load cell and lead to tibial translation in the medial direction (-Fx). This opens
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the lateral condyle at the knee and puts a tension on the LCL. For a left knee, this
generates a clockwise (-) rotation about the y-axis and a varus moment (-My) at the knee.
Conversely, a force pushing against the medial side of the simulated ankle in the lateral
direction will read a positive (+Fx) on the load cell and lead to tibial translation in the
lateral direction (+Fx). This opens the medial condyle at the knee and puts tension on the
MCL. For a left knee, this generates a counterclockwise (+) rotation about the y-axis and
a valgus moment (+My) at the knee.
In terms of flexion and extension (rotation about the x-axis), a force pushing
against the anterior side of the simulated ankle, in the posterior direction will read a
negative (-Fy) on the load cell and lead to tibial translation in the posterior direction (-Fy).
This generates a (-) flexion rotation and moment (-Mx) at the knee. A force pushing
against the posterior side of the simulated ankle, in the anterior direction, will read a
positive (+) Fy and lead to tibial translation in the anterior direction (+Fy). This generates
a (+) extension rotation and moment (+Mx) at the knee.
In terms of internal-external rotation (about the z-axis), applying a clockwise
rotation at the simulated ankle of a left knee, will read as a positive (+Mz) on the load
cell. This will create a (+) external rotation and moment (+Mz) about the tibial canal at
the knee. Applying a counterclockwise rotation to the simulated ankle of a left knee will
read as a negative (-Mz) on the load cell. This will create a (-) internal rotation and
moment (-Mz) about the tibia canal) at the knee.
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A force that is pushing axially against the distal tibia, in the superior direction, will read a
positive (+) Fz on the load cell. This will translate the tibia in the superior direction (+Fz)
towards the femur.
Force From Simulated
Ankle/Load Cell
(Positive/Negative Direction)
Fx
Positive (+)
Negative (-)
Fy
Positive (+)
Negative (-)
Fz
Positive (+)

Translational
Movement at Ankle

Translational
Movement at Knee

Lateral Direction
Medial Direction

Valgus Rotation
Varus Rotation

Anterior Direction
Posterior Direction

Extension
Flexion

Compression Along
Tibial Canal

Compression of Knee
Joint

Mz
Positive (+)
External Rotation
External Rotation
Negative (-)
Internal Rotation
Internal Rotation
Table 2.2: Distinction between the force applied at the ankle which results in a
translational movement at the ankle and subsequently the knee.
Experimental Testing Sequence
One orthopaedic surgeon maneuvered each cadaver limbs through manual
assessments that included passive laxity tests and passive ROM. The passive ROM test
was performed by stabilizing the distal femur in one hand and manually applying forces
at the instrumented ankle joint with the other hand to flex the knee from full extension to
approximately 120° flexion and then reverse direction back to full extension. A constant
speed was maintained to complete a full cycle (0° -120° - 0°) in approximately 10
seconds. The passive ROM test was repeated for five cycles in one assessment or “trial”.
Following experimental testing, the knee specimen was dissected to remove muscle
tissues and expose the ligament origin/insertion site. The attachment sites on the femur
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and tibia for the PCL, sMCL and dMCL, and the LCL were digitized using the handheld
digital probe.
Experimental Measurements
The passive ROM were performed on each TKR cadaver knee when mounted in
the biomechanical knee rig while measuring external loading and limb motions
simultaneously. The ankle joint was instrumented with a six DOF (Fx, Fy, Fz, Mx, My, Mz)
load cell (MC3A 1000, AMTI) rigidly fixed to the distal tibia at the ankle joint to
measure external loads and moments applied during the passive assessments. The
amplifier gain and excitation voltage were adjusted to optimize signal resolution under
the anticipating loading conditions. The accuracy of the load cell was 8.8 N and 0.11 Nm
in the axial direction (compressive load and IE torque) and 4.4 N and 0.22 Nm in the
other DOFs. LabVIEW (National Instruments, Austin, TX) provided a visual display of
the applied loads in all six DOFs in real-time. The threaded rods and load cell axes were
digitized to calculate the moments applied at the knee joint from the measured loads.
Skeletal motions were based on the rigid body movement of the femur and tibia
and defined using the Grood-Suntay coordinate system to describe joint kinematics
[Grood 1983]. The Grood-Suntay coordinate system uses the local cartesian coordinate
systems of the femur and tibia to define fixed axes, a floating reference axis, and the
location of the translation reference point. A two-camera optical tracking system (Polaris
Vicra, NDI Medical) was used to track two reflective marker arrays rigidly fixed to the
femur and tibia bones and measured limb motions relative to an array rigidly fixed to the
knee rig that defined the global coordinate system. The root-mean-square accuracy of the
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optical tracking system was 0.5 mm. A handheld digital probe, consisting of a marker
array fixed to a metallic probe, was used to register the x,y,z coordinate locations of the
reflective marker arrays on the bones, three points along the threaded rods to define the
long axis of the femur and tibia bones, and the fiducial markers on the implanted TKR
components in order to define local coordinate systems for the individual bones and
components within the global reference frame. A custom-written MATLAB
(MathWorks, Natick, MA) script performed coordinate transformations on the movement
of the marker arrays to calculate limb motions and TKR kinematics based on the GroodSuntay coordinate system [Grood 2003, Hargett 2019]. Both the load cell and optical
tracking system were operated at 20 Hz and synced using a manual trigger.
Tibial-femoral loads and moments were determined using the load cell outputs at
the ankle (Fx, Fy, Fz, and Mz). Varus/valgus and flexion/extension moments at the knee
were calculated by multiplying the applied load and the tibia length for each cadaver.
Specifically, Fx load data was multiplied by the tibial lengths to determine varus or
valgus rotation moments and Fy load data was multiplied by the tibial lengths to
determine flexion (posterior moment) and extension (anterior moment). One trial of five
cycles (0° - 120° - 0°) flexion and extension passive ROM was conducted on
K4113_18L, while two trials of five cycles of flexion and extension were conducted on
K4114_18L and K4115_18L.
Data Analysis and Statistics
The moments and loads for flexion angles of 30°, 50°, 70° and 90° were graphed
for each knee and overlaid with 95% confidence interval ranges. The mean and standard
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deviation of the loads and moments for the five cycles for each knee were calculated to
represent the trial averages (e.g., Trial 1 (T1) and Trial 2 (T2)) at flexion angles of 30°,
50°, 70° and 90°. Using the averages and standard deviations of the trials of each knee, a
95% confidence interval was calculated. For K4114_18L and K4115_18L, the averages
of each of the two trials (Trial 1 = T1 and Trial 2 = T2) were used for this comparison. A
single factor ANOVA along with a post-hoc analysis using a Tukey Test procedure was
completed to test if trials, and flexion angle were significant factors affecting the external
moments and loads applied by the surgeon. The asterisk (*) signifies a statistically
significant difference between cycles and trials, with lines connecting flexion angle loads
and moments that are significantly different to each other.
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CHAPTER THREE
RESULTS
Overall, surgeon-applied loading profiles during passive ROM assessments after
TKR followed repeatable patterns. There were small deviations in applied loads and
moments during the intra-specimen cycles, but larger deviations due to inter-specimen
variations. Flexion angle was a significant factor affecting the loading profiles (ANOVA,
p<0.05), with the exception of varus-valgus moments for two knees. It is notable that one
cadaver limb had osteoarthritis in the lateral compartment and valgus deformity and the
surgeon provided subjective comment that the knee behaved differently during testing,
which was supported by the experimental measurements.
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Varus-Valgus Externally Applied Moments
KNEE –
TRIAL #
K4113_18L

ANGLE

VARUS-VALGUS MOMENT VALUES (NM)
Mean
Minimum
Maximum
30
-1.81
-2.08
-1.53
50
-0.45
-0.51
-0.33
70
0.37
0.25
0.51
90
0.50
0.27
0.60
K4114_18L
30
0.82
0.59
1.06
– T1
50
1.01
0.78
1.21
70
0.94
0.85
1.01
90
0.81
0.68
0.93
K4114_18L
30
1.61
1.06
2.09
– T2
50
1.75
1.54
2.14
70
1.59
1.25
2.03
90
1.42
1.10
1.82
K4115_18L
30
1.07
0.42
1.27
– T1
50
1.10
0.69
1.28
70
0.95
0.61
1.13
90
0.69
0.40
1.09
K4115_18L
30
0.73
0.46
0.96
– T2
50
0.72
0.52
0.92
70
0.54
0.36
0.79
90
0.39
0.06
0.59
Table 3.1: Varus-valgus applied moment mean values with minimum and maximum
values of each of the five cycles for each individual trial.
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A

B

C

D
Figure 3.1: A comparison of experimentally measured surgeon-applied varus-valgus
moments at the knee at flexion angles 30°, 50°, 70°, and 90° during passive ROM
assessments on A) K4113_18L, B) K4114_18L, C) K4115_18L, and D) all three cadaver
knees.
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The varus-valgus moment was generally constant throughout the passive ROM
cycle for two knees. As flexion angle increased, the externally applied varus-valgus
moment was unaffected for K4114_18L and K4115_18L. However, for K4113_18L, the
applied varus-valgus moment increased with increasing flexion angle. Thus, the varusvalgus loading profiles were different for all three knees, with little overlap between each
of the confidence intervals (Figure 3.1d). For K4114_18L and K4115_18L, the surgeon
consistently applied a valgus moment throughout the passive ROM cycles and trials. In
contrast, for K4113_18L, the surgeon began with applying a varus moment to the knee at
lower flexion angles (30° and 50°) and at higher flexion angles (70° and 90°), then began
applying a valgus moment.
The applied varus-valgus moments were repeatable amongst the five cycles in
each trial, generating a 95% confidence interval within 0.20Nm from the mean for all
knees. The largest difference between the maximum and minimum values was 0.97Nm at
30° in K4114_18L – T2. For the two knees having two trials of five cycles (K4114_18L
and K4115_18L), there was less inter-cycle repeatability but both trials appeared to
follow a similar pattern at different magnitudes (Figure 3.1, Table 3.1).
Based on the loading profiles of the externally applied varus-valgus moments
(Figure 3.1), flexion angle was not a significant factor (ANOVA p>0.05) affecting the
applied moment for K4114_18L and K4115_18L. However, flexion angle was a
significant factor (ANOVA p<0.05) affecting the applied moment for K4113_18L, with
higher valgus moments at higher flexion angles. There was a significant difference seen
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between lower flexion angles (30° and 50°, Tukey p<0.001) and higher flexion angles
(70° and 90°, Tukey p<0.001).
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Anterior-Posterior Externally Applied Moments
KNEE –
TRIAL #

ANGLE

ANTERIOR-POSTERIOR MOMENT
VALUES (NM)
Mean
Minimum
Maximum
K4113_18L
30
3.53
3.41
3.70
50
2.98
2.67
3.43
70
2.15
1.89
2.54
90
1.77
1.53
2.27
K4114_18L
30
1.90
1.59
2.39
– T1
50
1.25
0.92
1.65
70
1.34
1.11
1.72
90
1.19
0.80
1.89
K4114_18L
30
-3.77
-5.32
-1.40
– T2
50
-3.68
-5.53
-2.18
70
-3.10
-5.17
-1.89
90
-2.00
-3.98
-0.84
K4115_18L
30
3.66
3.02
4.85
– T1
50
2.70
2.14
3.17
70
1.63
1.37
1.96
90
0.01
-0.99
1.82
K4115_18L
30
1.85
1.50
2.07
– T2
50
1.15
0.82
1.41
70
-0.03
-0.25
0.19
90
-0.52
-1.64
1.12
Table 3.2: Anterior-posterior applied moment mean values with minimum and maximum
values of each of the five cycles for each individual trial.
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A

C

B

D

Figure 3.2: A comparison of experimentally measured surgeon-applied anteriorposterior moments at the knee at flexion angles 30°, 50°, 70°, and 90° during passive
ROM assessments on A) K4113_18L, B) K4114_18L, C) K4115_18L, and D) all three
cadaver knees.
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The anterior-posterior moment was generally decreasing with flexion angle
during the passive ROM cycle for all knees. As flexion angle increased, the externally
applied anterior-posterior moment decreased for all knees. However, the anteriorposterior loading profiles for all three knees were different, with little overlap of the
confidence intervals (Figure 3.2d). For K4113_18L and K4115_18L, the surgeon
consistently applied a decreasing anterior (extension) moment to the knee over all flexion
angles (Figure 3.2). For K4114_18L, in Trial 1, the surgeon applied a consistent anterior
(extension) moment. But for Trial 2, the surgeon applied a posterior (flexion) moment.
The applied anterior-posterior moments were repeatable amongst the five cycles
in each trial, generating a 95% confidence interval within 0.67Nm from the mean for all
knees. The largest difference between the maximum and minimum values was 3.92Nm
seen in K4114_18L Trial 2 at 30° flexion. For K4115_18L there was less inter-cycle
repeatability between two trials, but both trials appear to follow a similar pattern at
different magnitudes (Figure 3.2, Table 3.2).
Based on the loading profiles of the externally applied anterior-posterior moments
(Figure 3.2), flexion angle was a significant factor (ANOVA p<0.05) affecting the
applied moments for all three knees. This is consistently the case for two knees
(K4113_18L and K4115_18L), but for knee K4114_18L in the second trial, flexion angle
was not a significant factor (ANOVA p>0.05) affecting the applied moment. For knees
K4113_18L and K4115_18L, there was a significant difference seen between lower
flexion angles (30° and 50°, Tukey p<0.001) and higher flexion angles (70° and 90°,
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Tukey p<0.001). In K4114_18L Trial 1, there was a significant difference seen between
30° (Tukey p<0.001) and all other higher flexion angles.
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Internal-External Rotation Externally Applied Moments
KNEE –
TRIAL #

ANGLE

INTERNAL-EXTERNAL ROTATIONAL
MOMENT VALUES (NM)
Mean
Minimum
Maximum
K4113_18L
30
-0.08
-0.13
-0.04
50
0.12
0.00
0.22
70
0.32
0.23
0.39
90
0.31
0.26
0.35
K4114_18L
30
-1.54
-1.62
-1.44
– T1
50
-1.35
-1.43
-1.30
70
-1.16
-1.28
-1.07
90
-0.99
-1.08
-0.92
K4114_18L
30
0.15
-0.07
0.25
– T2
50
0.12
-0.05
0.31
70
0.03
-0.17
0.32
90
-0.04
-0.16
0.15
K4115_18L
30
0.28
0.19
0.37
– T1
50
0.56
0.45
0.73
70
0.91
0.81
0.98
90
1.10
0.89
1.34
K4115_18L
30
0.12
-0.03
0.26
– T2
50
0.38
0.31
0.45
70
0.77
0.56
0.99
90
0.92
0.71
1.06
Table 3.3: Internal-external rotational applied moment mean values with minimum and
maximum values of each of the five cycles for each individual trial.
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D

Figure 3.3: A comparison of experimentally measured surgeon-applied internal-external
rotation moments at the knee at flexion angles 30°, 50°, 70°, and 90° during passive
ROM assessments on A) K4113_18L, B) K4114_18L, C) K4115_18L, and D) all three
cadaver knees.
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The internal-external moment was generally increasing with flexion angle during
the passive ROM cycle for all knees. As flexion angle increased, the externally applied
internal-external moment increased for all knees. However, the internal-external loading
profiles for all three knees were different, with little overlap of the confidence intervals
(Figure 3.2d). For K4113_18L and K4115_18L, the surgeon consistently applied a
increasing external rotation moment to the knee over all flexion angles (Figure 3.3). For
K4114_18L, in Trial 1, the surgeon applied a consistent internal rotation moment. But for
Trial 2, the surgeon applied a near to no moment on the knee.
The applied internal-external rotation moments were repeatable amongst the five
cycles in each trial, generating a 95% confidence interval within 0.09Nm from the mean
for all knees. The largest difference between the maximum and minimum values was
0.49Nm seen in K4114_18L Trial 2 at 70°. For K4115_18L, there was some inter-cycle
repeatability with both trials appeared to follow a similar pattern but at different
magnitudes (Figure 3.3, Table 3.3).
Based on the loading profiles of the externally applied internal-external rotation
moments (Figure 3.3), the flexion angle was a significant factor (ANOVA p<0.05)
affecting the applied moment for all three knees. However, in Trial 2 of K4114_18L,
flexion angle was not a significant factor (ANOVA p>0.05) affecting the applied
moments. For all three knees (except in Trial 2 of K4114_18L), there was a significant
difference seen between lower flexion angles (30° and 50°, Tukey p<0.001) and higher
flexion angles (70° and 90°, Tukey p<0.001).
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Applied External Axial Compressive Force Along Tibial Canal
KNEE –
TRIAL #

ANGLE

AXIAL COMPRESSION FORCE ALONG
TIBIAL CANAL (N)
Mean
Minimum
Maximum
K4113_18L
30
44.46
34.66
50.24
50
38.08
30.97
42.35
70
35.05
30.86
37.94
90
30.29
28.40
32.50
K4114_18L
30
46.22
41.73
50.45
– T1
50
41.49
38.55
44.81
70
34.31
32.09
39.58
90
27.27
24.92
30.04
K4114_18L
30
21.10
18.45
23.79
– T2
50
18.95
14.25
23.17
70
16.67
9.53
23.17
90
14.27
7.58
23.79
K4115_18L
30
43.46
34.76
53.12
– T1
50
35.11
30.66
41.63
70
29.92
27.99
32.81
90
29.22
25.22
32.71
K4115_18L
30
34.76
32.40
42.66
– T2
50
30.15
28.91
33.02
70
27.73
27.27
28.61
90
26.60
25.12
28.91
Table 3.4: Axial compressive force along the tibial canal mean values with minimum and
maximum values of each of the five cycles for each individual trial.
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B

D
Figure 3.4: A comparison of experimentally measured surgeon-applied axial compressive
force along the tibial canal at the knee at flexion angles 30°, 50°, 70°, and 90° during
passive ROM assessments on A) K4113_18L, B) K4114_18L, C) K4115_18L, and D) all
three cadaver knees
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The applied axial compressive force along the tibial canal was generally
decreasing with flexion during the passive ROM cycle. As flexion angle increased, the
externally applied compressive force was affected for all three knees. The compressive
force loading profiles for all knees were different, with little overlap between each of the
confidence intervals (Figure 3.4d). For all cycles, the surgeon consistently applied a
compressive force along the tibial canal.
The compressive forces were repeatable amongst the five cycles in each trial,
generating a 95% confidence interval within 4.7N from the mean for all knees. The
largest difference between the maximum and minimum values was 18.36N seen in Trial 1
of K4115_18L at 30°. For the two knees having two trials of five cycles (K4114_18L and
K4115_18L), there was less inter-cycle repeatability but both trials appeared to follow a
similar pattern at different magnitudes (Figure 3.4, Table 3.4).
Based on the loading profiles of the axial compressive force (Figure 3.4), flexion
angle was a significant factor (ANOVA p<0.05) affecting the applied compressive force
for all knees. However, in Trial 2 of K4114_18L where flexion angle was not a
significant factor (ANOVA p>0.05). For all three knees (except Trial 2 of K4114_18L),
there was a significant difference between lower flexion angles (30° and 50°, Tukey
p<0.001) and higher flexion angles (70° and 90°, Tukey p<0.001).
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CHAPTER FOUR
DISCUSSION
The broad objective of this thesis was to analyze variations in surgeon-applied
loads during passive ROM assessments following TKR on individual cadaver knees.
Experiments were completed on a custom knee rig suitable for measuring knee
kinematics and the loads and moments applied by the surgeon. The data were processed
to assess intra-specimen and inter-specimen repeatability at its relevance for
computational models used to calculate knee ligament tension. Intra-specimen cycles
were not a factor affecting the loading profiles, which revealed the surgeon was
consistent in handling the cadaver limbs within each of the five cycles within a trial.
However, inter-specimen differences were a significant factor affecting the applied
loading profiles, which suggests the surgeon manipulated those individual knees in
response to perceived differences in the tissues for each knee.
Overall, the magnitude of the applied loading profile during passive ROM were
relatively low compared to dynamic, weight-bearing activities. The average axial
compressive forces during passive ROM ranged from 26.60 N to 44.46N, which was
orders of magnitude lower than the 50%BW to 400%BW reported by Kutzner et al.
[2010] in healthy knees. Similarly, D’Lima, et al. [2008] used an instrumented TKR in
four subjects and reported magnitudes of 100%BW to 400%BW for the subjects
performing various activities like walking, cycling, tennis and golf. Additionally,
Fitzpatrick et al. [2014] used computational models to estimate compressive forces
between 100N and 3000N from in vivo kinematics of three TKR subjects performing a
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deep knee bend, chair-rise, and step-up movements. The average flexion (posterior)
moment during passive ROM in the current study ranged from 0 Nm to 3.66 Nm, which
was lower compared to previously reported 30-50Nm moments generated by muscles
during gait [Fantozzi 2003]. These large differences in magnitudes are likely due to
muscle activity and loading conditions during the dynamic, weight-bearing (non-passive)
movements.
Although load-sensing instruments are not widely used clinically, several studies
have used them to measure loads occurring at the articular surface during TKR [Crottet
2005, MacDessi 2019, Zalzal 2004]. For example, Crottet et al. [2005], used a loadsensing instrument in a cadaver knee and measured a 1.25 Nm varus-valgus moment
applied by the surgeon who perceived the TKR as unbalanced and a 0.15 Nm varusvalgus moment after performing a medial ligament release procedure to produce a
“balanced” knee. Those magnitudes are comparable to the average net -1.81Nm to
+1.75Nm varus-valgus moment measured in the current study. It has been reported that
surgeon’s perception of balance is not confirmed by load-sensing instruments in
approximately 13% of cases, [Gustke 2014] and that some surgeons experience more
challenges identifying ligament imbalance at higher flexion angles during TKR
[MacDessi 2019]. There was no evidence of increased variability in applied loads and
moments at higher flexion angles in the current study, likely due to the controlled
behavior of the biomechanical rig and absence of other considerations related actual
surgery rather than cadaver testing. Finally, it is important to note that load-sensing

43

instruments do not measure loads applied by the surgeon’s hands, as reported in the
current study, or the resulting tension in the ligaments and soft tissues.
Compressive forces during weight-bearing and passive ROM movements might
be large, but the values of internal-external rotation moments comparing the two are
similar.
Manually applied loading profiles are varied when passive ROM assessments for
healthy human volunteers are compared to cadavers implanted with TKR. For example,
Clarke, et al. [2012] reported varus-valgus moments of 15 Nm and 30 Nm are necessary
for evaluating medial and lateral stability in human knees, which are considerably larger
than the surgeon applied varus-valgus moments ranging from -2.1Nm and +2.1Nm in the
current study. Fitzpatrick et al. [2014] measured internal-external moments ranging from
0.40Nm to 4.11Nm with means of 1.27Nm, 1.12Nm, and 1.99Nm for three movements
(deep knee bend, chair-rise, and step-up activities), respectively. These values are similar
in magnitude to those measured in the current study (Table 3.3), which suggests internalexternal rotation moments are similar for both weight-bearing movements and surgeon
applied passive ROM. It is not unexpected that some difference exists between those
studies of healthy natural knees [Clarke 2012] and active subjects with TKR [Fitzpatrick
2014], all having intact joint capsules and healed soft tissues. The current study used a
widely accepted approach for knee biomechanics, including cadaver knees that were
implanted with TKR and had soft tissues closed with sutures and then placed onto a
biomechanical rig for passive, low load maneuvers.
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An observation worth discussing was the severe osteoarthritis in the lateral
compartment of K4113_18L and the sensitivity of the biomechanical knee rig to detect it.
The pathology leads to contracture of the LCL and posterior-lateral structures and a
valgus malalignment in the knee [Yercan Parts 1-2 2005]. Following the TKR
implantation and correction of limb malalignment, the contracted LCL and posteriorlateral structures are perceived as stiff in neutral alignment. Therefore, during passive
ROM testing, the surgeon needed to apply a varus moment to counteract the tension in
the LCL and posterior-lateral structures forcing the knee to a varus alignment. A suitable
analogy is that the LCL was a tight spring, and the surgeon applied a moment large
enough to maintain neutral alignment during passive ROM. This behavior was clearly
seen in K4113_18L as the applied varus-valgus moment has a negative sign convention,
corresponding to a varus applied moment. This behavior is more pronounced at lower
flexion angles (30° and 50°) and then as flexion angle increases, the sign convention flips
to a positive valgus moment (Figure 3.1), similar in magnitude to K4114_18L and
K4115_18L. This is consistent with knee anatomy [Athwal 2014] with high tension on
the LCL and posterior-lateral structures at lower flexion angles (knee extension) and
decreasing soft tissue tension as flexion angle increases. Therefore, to return to the
analogy, the surgeon perceived the LCL and posterior-lateral structures as a stiff spring at
lower flexion angles and applied a larger varus moment. But as flexion angle increased,
the surgeon perceived the LCL and posterior-lateral structures as a less stiff spring and
decreases the varus moment. This cadaver experiment demonstrated the challenges of
surgeon perception of ligament balance when soft tissue behavior is altered by joint
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pathology compared to healthy knees. It also demonstrated that the biomechanical test rig
was suitable for detecting the surgeon’s modified applied loads during passive ROM due
to the altered pathology.
Computational Modeling Application
Computational modeling of lower limbs has been used to model the behavior of
soft tissues during passive ROM [Harris 2016, Snethen 2018]. Harris et al. [2016] used a
more extensive, mechanically actuated experimental approach to measure the relationship
between limb kinematics and externally applied loads in unimplanted (natural) healthy
knees. Their objective was to combine experimental testing with specimen-specific finiteelement (FE) models of natural knee laxity to document one-to-one experiment model
calibration and simulate ligament engagement in agreement with literature. Their data,
from both the experimental and computational phases, are now available for downloaded
for the broader research community (SimTK.org) to facilitate further investigations into
the subject-specific or population-based knee joint biomechanics.
Snethen et al. [2018] used the available data from the natural knee model of
Harris, et al. [2016] to create and validate a FE model suitable for evaluating ligament
tensions during simulated intraoperative passive ROM after TKR. In that study, [Snethen
2018], a specimen-specific FE model (Abaqus/Explicit, Simulia) of an unimplanted left
knee was acquired from the open-source model repository (SimTK.org) and was
validated against specimen-specific laxity tests from the controlled mechanical testing of
Harris, et al. [Harris 2015]. Data from those tests, including applied loads, knee
kinematics, and ligament attachments and properties, were provided by the model
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developer to ensure the model was behaving correctly following transfer from the
repository. The unimplanted knee model was then virtually implanted with the same
cruciate-retaining mobile-bearing TKR in the current study to recreate the specimenspecific component alignments and ligament attachments matching those reported in the
experimental study [Harris 2015]. The modeled behavior of the mobile-bearing tibial
insert was calibrated against experimental rotation constraint testing [Bebler 2018]. This
TKR FE model was previously used to calculate ligament tensions during simulated
intraoperative passive ROM, but the applied loads and moments applied during that
simulation were estimated from literature. Using the data from the current study input
into specimen-specific FE models, would be possible to calculate the ligament tensions of
all three cadaver knees. Since the model is specimen-specific, it would require the
digitized points of neutral alignment of the TKR components, the tibio-femoral
kinematics, and the insertion site of nine ligaments and soft-tissues surrounding the knee
joint. Appropriate imaging and dissection are ongoing to complete that modeling work.
Such information would help to quantify knee ligament laxity after TKR and bridge the
knowledge gap between the surgeon’s subjective “feel” for laxity perceived as a
resistance to applied loads and the quantified values of ligament tension measured in the
FE models. Modeling the ligament tension at the mean load and moment values for each
flexion angle, as well as the maximum and minimum values, would support
understanding of knee joint behavior for both “typical” and “extreme” trials, as well as
under non-pathological (two knees) and pathological (one knee with lateral osteoarthritis)
conditions.
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Limitations
During intraoperative passive ROM and laxity assessments, a surgeon requires the
use of two hands, one placed at the distal femur and one at the distal tibia [Schroer 2013].
A limitation for the current study was the 6 DOF load cell was a substitute for the ankle
and only measured the external forces applied by the surgeon’s hand at the distal tibia.
The hand that is placed at the distal femur likely has its own separate loading conditions
during passive ROM assessments. This approach of using a single load cell is supported
by other similar experimental testing, like Harris et al. [2016] and Clarke et al. [2012],
that also focuses on the loading of the distal tibia. Future work involving two load cells
(one in each hand) could be another step toward accurately defining a surgeon’s applied
loads during passive ROM for computational models that measure ligament tensions.
Another limitation was that the knee rig used a cadaver knee that was altered
anatomically compared to the natural limb during TKR. The resection of the distal tibia
and addition of the load cell could have altered the geometry, mass, and “feel” for the
surgeon and could be improved with smaller load cells and more realistic representation
of the foot and ankle.
Future Work
The intent of this thesis was to generate kinematics and loading parameters
suitable for computational models of the lower limbs for three separate knees. Each knee
had its own CT images providing accurate geometric 3D models of bone anatomy and
TKR component alignment, digitized points of ligament attachment sites to represent
accurate constraints, and unique loading conditions applied by the surgeon. Therefore,
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these data support creation of specimen-specific computational FE models for the
purpose of calculating ligament tensions during passive ROM.
Conclusions
It was hypothesized that intra-specimen cycles would not be a significant factor
affecting the applied loading profiles. It was hypothesized that inter-specimen differences
would be a significant factor affecting applied loading profiles. Following cadaver
experimentation, the externally applied surgeon loading profiles were obtained during
passive ROM assessments. From this, it is seen that intra-specimen cycles were
determined to not be a factor affecting the load profiles as the surgeon showed
consistency within each of the five cycles within a trial. Additionally, inter-specimen
differences were determined to be a significant factor affecting applied loading profiles as
there was significant differences between the loading profiles of each knee. In particular
as flexion angle increases the externally applied axial compressive force along the tibial
canal decreases and the internal-external rotation moment increases. For some cases as
flexion angle increases, the applied anterior-posterior moment increases. As for the
externally applied varus-valgus moment, the flexion angle does not play a factor in
loading conditions, except for some extreme cases.
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Appendix A
Cadaveric Knee Rig Testing Protocol
CADAVERIC KNEE RIG TESTING PROTOCOL
DATE: ____________
PARTICIPATING CLINICIANS
_______________________________________
_______________________________________
_______________________________________
_______________________________________
CADAVER SPECIMEN DETAILS
MALE / FEMALE
AGE: _______ yrs
RIGHT / LEFT
ADDITIONAL NOTES:
PRE-TEST MEASUREMENTS
1. CT limb prior to experiment
2. Disarticulate foot from tibia.
3. Instrument proximal end of tibia with load cell via short threaded rod
4. Have surgeons perform knee trialing on unimplanted knee with full limbs and
collect load data with load cell.
5. Measure lengths of femur and tibia bones distally at the knee joint to the
center of the femoral head on the proximal femur and at the ankle joint
articular surface on the proximal tibia, respectively.
Femur Total Length: ________ mm
Tibia Total Length: ________ mm
6. Determine threaded rod length needed to recreate total length measurements.
• Take into account amount of rod that will be inserted and
cemented into intramedullary canal
• Take into account offset in rod attachment to pivot point in
knee rig setup representing the center of the hip and ankle
joints
Femur Rod Length: _________ mm
Tibia Rod Length: _________ mm
7. Confirm load cell is measuring accurately using weight plates
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•

Record the zeroed out loads and torques

Fx: __________
Mx: __________
Fy: __________
My: __________
Fz: __________
Mz: __________
8. Confirm with the Polaris track that the digitization wand (Tool 8) is being
treated as a pivot tool and the tool tip is being offset accurately (Check against
origin of Reference Tool 5).
i.

ii.

If the tool is not being treated as a pivot tool then select the
tab of the tool affiliated with the wand (Tool 8) and select
“Determine tool tip offset by pivoting the tool”
Using the pivot tool wooden block, begin the data
collection with the tool pivoting in the divot on the block
for the allotting collection time while trying to keep the
rotations within 30-60 deg

IMPLANTATION OF TKR COMPONENTS
9. Make bone cuts and position components into neutral alignment using “trial”
components
Femoral Component Size: 7 / 9 / 11
Tibial Baseplate Size: 7 / 9 / 11
Tibial Insert Size: 10mm / 12mm
NOTES:
10. Mark on the tibial plateau neutral rotational alignments as well as additional
alignments to be tested
ii.
Using protractor measuring from the neutral component alignment,
insert pins or bone screws into anterior tibia near the plateau in order
to mark rotational component alignment of baseplate for the following
conditions:
➢ Neutral (0o)
➢ External 10o
➢ External 15o
➢ External 20o
➢ Internal 10o
11. Cut femur and tibia bones and surrounding tissue at mid-diaphysis (slightly
closer to knee joint on femur in order to make the cut before the sagittal
curvature of the bone)
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12. Measure the length of the cut bones relative to their distal ends at the knee
joint staying consistent with the total length measurements made.
Cut Femur Length: ________ mm
Cut Tibia Length: ________mm
13. Cement “new” femoral component into neutral alignment based on previous
bone cuts
• If using Bosworth Fastray dental cement, mix ratio is 6ml
liquid to 1oz.(29g) powder (3-minute cure time)
14. Screw down tibial baseplate into neutral alignment (align front fiducial marker
with previously made mark corresponding with neutral rotational alignment)
• Make sure screw heads are completely seated into countersink
holes and below the bearing surface
15. Cement cut threaded rods into the intramedullary canal of their respective
bones to recreate the total length of the full limb
16. Implant bone plates and attach passive marker tools
iii.

Make incision along the length of the bone (approximately 4 inches)

iv.

Resect tissue down to the bone and clear space on the bone for bone
plate

v.

In full extension and the TKR components in a conforming position,
place bone plate up to the bone and orient the plate so that normal to
its plane points directly out towards where the Polaris camera would
be (i.e., not off axis)

vi.

With the bone plate pressed up against the bone in the desired
orientation drill a pilot hole through one of the bone screw holes and
then screw in a bone screw
• Make sure hex nuts on bone plate are facing outwards

vii.

Drill a pilot hole in the second hole and screw in a second bone screw

viii.

Manually thread the 6-32 threaded rods into the two hex nuts on the
bone plate and secure with a second hex nut at the attachment point
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ix.

Insert the two rods into the coinciding hole pattern on the passive
marker tool securing it along each rod using a wing nut on either side
• The threaded rods can be shortened if needed based on the
depth of soft tissue present in the specimen

17. Resect out quadriceps tendon from surrounding soft tissue and apply the
quadriceps clamp only
KNEE RIG TEST-SETUP
1. Place the Knee Rig on a STABLE tabletop (plastic fold-out tables will not be
sufficient) in a position that allows easy access to the knee opposite of the
Polaris camera
2. Clamp down ends of Knee Rig to secure to tabletop
3. Attach threaded rods to their respective ends of the Knee Rig
i.

Femur rod will slide all the way into tube on femoral block and will be
secured with a lock washer and nut

ii.

Tibia rod will be assembled onto the rig in the following order rod ->
circular mount -> load cell -> U-bracket mount -> Hinge flanges
• A lock washer and nut will also be used to secure tibia rod onto
the circular mount

4. Assemble extension spring onto femoral block by feeding a bolt through the
closed loop end and into the threaded hole on the femoral block
DIGITIZATION OF TEST-SETUP
1. Put the knee through the anticipated range of motion and position the location
of the Polaris camera so that it can remain stationary during all testing
2. Place the knee in higher flexion to expose more of the TKR components
3. Digitize the TKR components moving from anterior to posterior and medial to
lateral starting on the femoral component
• Can set Polaris to capture single “Frame” if generated a
separate file for each data point
• Be sure Polaris is tracking tool located on digitizing wand
(Tool 8)
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4. Digitize the individual markers on Tools 7 (tibia bone) and Tool 6 (femoral
bone)
• Do this by adjusting Polaris’s settings to track “Stray Markers”
and then covering up 3 of the 4 markers on a tool at a time,
alternating the uncovered marker to obtain each markers x, y, z
coordinates relative to the global reference tool (Tool 5)
• Provide a separate data file for each tool digitization
o Each file will contain the digitized coordinates for each
of the 4 markers for the respective tools
• The output csv file will list how many markers are being
tracked at a time in the data column on the far right titled
“Markers”. This value should alternate between “0” and “1”
where 0 indicates the end of digitization for a single marker
and 1 indicates that only a single marker is being tracked (i.e.,
you don’t want to be tracking more than one at a time)
5. Digitize the load cell
• Collect points on the corner of the load cell along the (+) x and
(-) x axis and (+) y and (-) y axis
6. Digitize the Femoral and Tibial rods
• Collect around its diameter (4 points) to approximate the center
• Do this at the end where it exits the intramedullary canal and at
the opposite end where it interfaces with the Knee Rig
1. 2 x 4pts (femur) + 2 x 4pts (tibia) = 16 points total
7. Digitize anatomical landmarks on the femur and tibia bones
• Collect at least 3 points for each bone
• Femur: (1) sulcus of the medial epicondyle; (2) most prominent
point of the lateral epicondyle; (3) anterior point in line with
rod/mechanical axis?
• Tibia: (1) most anterior point of tibial tuberosity; (2)? (3) ?
1. Points need to be identifiable on CT
2. Implant makers on bone as well?
3. Can we use rod position to approximate mechanical
axis to assess alignment without hip and ankle present?
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CALIBRATION TESTING
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1. With the knee in full extension, insert a zip tie through the quadriceps clamp
and extension spring and tighten until the spring is at its resting length but the
zip tie is taut
2. Close the knee joint with sutures or clamps
3. Target torques are 10 Nm VV and 8 Nm IE. Based on the measured length of
the limb determine target force values measured at load cell.
VV Force: __________ N
IE Force: Can read out Mz torque value directly
4. Follow the VV testing procedure:
a. Confirm desired flexion angle using goniometer and lock flexion DOF
at both the ankle and hip joint
b. Begin recording load cell data. Write initial normal force reading
Initial Fz: ________ N
c. Zero out load cell and record values
Fx: ___________N
Mx: ____________ Nm
Fy: ___________ N
My: ____________ Nm
Fz: ___________ N
Mz: ____________ Nm
d. Count down to start Polaris tracking and coincide with compressive
impact load applied by hand to load cell (serves as “trigger” to sync
data sets). Apply impact load be pushing threaded rod in towards the
load cell.
i. Allow Polaris to record with ample time. Always overestimate
because you can stop the data collection at the end of the test
even if it’s before the allocated record time has finished
e. Translate the “ankle joint” at the load cell along the rail in the lateral
direction (valgus) until the target force is reached and then switch
directions to the medial direction (varus) until the target force is
reached
i. Apply constant compressive load during test (~20N)
f. Repeat at 0o, 15o, 30o, 45o, 60o, 75o, and 90o
5. Follow the IE testing procedure:
a. Remove the load cell from the U-bracket mount and hold in hand
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b. Ensure locking nut and washer are firmly tightened where the threaded
rod engages with the load cell to prevent relative rotation
c. Confirm desired flexion angle using goniometer and lock flexion DOF
at the hip joint
d. Begin recording load cell data. Write initial normal force reading
Initial Fz: ________ N
e. Zero out load cell and record values
Fx: ___________N
Mx: ____________ Nm
Fy: ___________ N
My: ____________ Nm
Fz: ___________ N
Mz: ____________ Nm
f. Count down to start Polaris tracking and coincide with compressive
impact load applied by hand to load cell (serves as “trigger” to sync
data sets). Apply impact load be pushing threaded rod in towards the
load cell.
g. Rotate the “ankle joint” at the load cell about the threaded rod in the
lateral direction (tibial external) until the target torque (Mz) is reached
and then switch directions to the medial direction (tibial internal) until
the target torque is reached
i. Apply constant compressive force during the test (~20N)
h. Repeat at 0o, 15o, 30o, 45o, 60o, 75o, and 90o
PASSIVE ROM TESTING
1. Start with knee in full extension and load cell detached from knee rig and
being handheld.
2. Unlock flexion DOF at the hip joint
3. Follow the testing procedure:
a. Begin recording load cell data. Write initial normal force reading
Initial Fz: ________ N
b. Zero out load cell and record values
Fx: ___________N
Mx: ____________ Nm
Fy: ___________ N
My: ____________ Nm
Fz: ___________ N
Mz: ____________ Nm
c. Count down to start Polaris tracking and coincide with compressive
impact load applied by hand to load cell (serves as “trigger” to sync
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data sets). Apply impact load be pushing threaded rod in towards the
load cell.
i. Allow Polaris to record with ample time
d. Manually flex the knee from full extension to approximately 120o and
back to extension while applying constant compressive force (~20N)
4. Open up the knee joint and adjust the rotational alignment of the tibial
baseplate
5. Close up knee joint and repeat Step 3 and Step 4 for each alignment condition
DIGITIZE SOFT TISSUE ATTACHMENTS
1. Re-digitize anatomical landmarks on femur and tibia bones
2. Resect back tissue to expose the attachments of the collateral ligaments
• Anterolateral and Posteromedial bundles of PCL
• Superficial and Deep Medial Collateral Ligaments
• Lateral Collateral Ligament
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